Purpose-These studies were designed to determine whether ritonavir inhibits breast cancer in vitro and in vitro and, if so, how.
expressed Hsp90α short hairpin RNA also depletes Hsp90, inhibiting proliferation and sensitizing breast cancer cells to low ritonavir concentrations.
Conclusions-Ritonavir inhibits breast cancer growth in part by inhibiting Hsp90 substrates, including Akt. Ritonavir may be of interest for breast cancer therapeutics and its efficacy may be increased by sustained exposure or Hsp90 RNA interference.
Recurrent or metastatic breast cancer patients have a median survival of 20 months despite recent advances in chemotherapy (1) . The use of sequential single anticancer drugs is an emerging concept in the therapeutics of recurrent or meta-static breast cancer. In this context, novel inhibitors of breast cancer cell growth and survival that differ from existing drugs in their mechanism of action may palliate symptoms and potentially improve survival if they can provide long-term suppression of tumor growth with acceptable toxicity. One candidate inhibitor of breast cancer growth that has not yet been tested in a mammary carcinoma xenograft model is the HIV protease inhibitor ritonavir. Oral bioavailability in humans and a toxicity profile that allows daily dosing are potentially valuable features of ritonavir (2) , which may assist in its translation to cancer clinical trials. Ritonavir has been tested in animal models of cancer. Ritonavir blocks the growth of a Kaposi′s sarcoma xenograft in a s.c. tumor model (3) and a syngeneic murine lymphoma model (4) but does not block the growth of glioma (5) or prostate cancer xenografts (6) .
The mechanisms by which ritonavir may be involved in cancer inhibition are not well understood. The proteasome has been proposed as a potential nonviral ritonavir target (7) , but a recent report indicates that although ritonavir inhibits the 20S proteasome in vitro it enhances in vitro 26S proteasome activity, suggesting that ritonavir may be a proteasome modulator rather than a direct inhibitor (4) . We therefore decided to identify signaling pathways that may be important for the activity of ritonavir, which may lead to better understanding of its activity in breast cancer. Among potential pathways that may be affected by ritonavir, pathways that affect Akt signaling must be considered, because ritonavir can induce apoptosis in glioma lines that are dependent on phosphatidylinositol 3-kinase (PI3K) albeit at concentrations of 100 µmol/L (5). Furthermore, ritonavir inhibits differentiation-associated Akt activity in osteoclasts (8) , suggesting that ritonavir may also inhibit Akt phosphorylation in some cancer cells. The estrogen receptor (ER) -negative line breast cancer line, MDA-MB-231, is a line known to be dependent on Akt activity for survival under stress conditions and exhibits highlevel constitutive Akt phosphorylation (9) . MDA-MB-231 is also protected from paclitaxeland Fas receptor -induced apoptosis by PI3K/Akt signaling (10, 11) . The MDA-MB-231 line is also potentially useful for xenograft studies of ritonavir because of its virulent activity in a breast cancer mammary fat pad model (12) . Other breast cancer lines that are also protected by Akt from chemotherapy-induced apoptosis include the ER-positive lines MCF7 and T47D (13) . The T47D, MCF7, and MDA-MB-231 lines are also dependent on Akt for proliferation (14, 15) . These observations suggest that the T47D, MCF7, and MDA-MB-231 lines may be informative for the effects of ritonavir on Akt signaling pathways that may regulate breast cancer proliferation and survival. T47D, MCF7, and MDA-MB-231 lines also exhibit wildtype Rb and can be used to study Rb-dependent cell cycle progression. For proliferation and survival studies, the Rb mutant (Rb −/− ) breast cancer line MDA-MB-436 line was also included to help determine whether cell cycle arrest is associated with Rb status and to determine whether ritonavir affects the proliferation and survival of a Rb −/− line.
Ritonavir is shown here to inhibit proliferation of ER-positive (IC 50 , 12-24 µmol/L) and ERnegative (IC 50 , 45 µmol/L) breast cancer lines. ER is down-regulated by ritonavir in the ERpositive, estradiol-dependent lines. A nontransformed ER-positive breast epithelial line, MCF10A, is less sensitive to ritonavir (IC 50 , 35 µmol/L) than the ER-positive breast cancer lines. Ritonavir caused Rb-associated G 1 arrest, and G 1 -arrested MDA-MB-231 cells exhibit reduced clonogenic efficiency primarily in S + G 2 -M cells. Ritonavir induced apoptosis in all lines, associated with reduction of Ser 473 phosphorylated Akt. Myristoyl-Akt, but not K-Ras, rescues breast cancer cells from ritonavir inhibition, suggesting that ritonavir has specific and biologically relevant effects on the Akt kinase. Ritonavir inhibited a MDA-MB-231 xenograft at clinically attainable serum levels (C max , 22 ± 8 µmol/L) and inhibited intratumoral Akt activity. Because ritonavir reduced the levels of many heat shock protein 90 (Hsp90) substrate proteins, including ER-α, cyclin-dependent kinases (CDK), cyclin D 1 , and mutant p53, ritonavir was tested for Hsp90 binding and inhibition. Ritonavir binds to Hsp90 with micromolar affinity (K D , 7.8 µmol/L) and partially inhibits its chaperone function. In the MDA-MB-231 line, ritonavir blocks the association of Hsp90 with substrate proteins and reduces Hsp90 levels quantitatively in a time-dependent manner. Stably expressed Hsp90 short hairpin RNA (shRNA) also reduces Hsp90 levels, inhibits cell proliferation, and increases sensitivity to ritonavir-mediated inhibition of proliferation. These results suggest that ritonavir may be of interest for clinical development in breast cancer and that its efficacy may be increased by Hsp90 RNA interference.
Materials and Methods

Antisera
Primary murine monoclonal antibodies included mouse anti-human Hsp90α/β SPA-830 (Stressgen, Victoria, British Columbia, Canada) and D01, a mouse anti-p53 mouse monoclonal antibody recognizing wild-type and mutant p53 (Santa Cruz Biotechnology, Santa Cruz, CA). The primary rabbit polyclonal antisera included anti-bodies to human ER-α (sc-7207; Santa Cruz Biotechnology), Akt 
Cell lines
Breast cancer lines MCF7 and T47D were obtained from the American Type Culture Collection (Manassas, VA). The lines MDA-MB-231 and MDA-MB-436 were obtained from the Nakshatri laboratory (Indiana University, Indianapolis, IN). The MCF7 line CA-Akt, which overexpresses pleckstrin homology domain deleted (deleted for amino acids 4-129), constitutively active Akt [m-(Δ4-129)-Akt], and the corresponding pcDNA3 empty vector line have been described previously (16) . The MDA-MB-231 lines CA-Akt-231-2 and CAAkt-231-12 overexpressing m-(Δ4-129)-Akt as well as the vector control lines 231-V1 and 231-V2 were isolated as described above.
Myristoyl-Akt-overexpressing MDA-MB-231 lines were isolated by adenoviral transduction and selection of stably transduced lines. The myristoyl-Akt insert from the pcDNA3 construct published previously (16) was inserted in the polylinker of the pQCXIP retroviral vector (Clontech, BD Biosciences, Mountain View, CA), which bears a puromycin selection marker. The resulting construct was named pQCXIP/Akt. The constructs pQCXIP/Akt and pQCXIP were transfected into a packaging cell line Phoenix-ampho using FuGENE reagent (Roche Diagnostics, Branchburg, NJ), and infectious, replication-incompetent virus was isolated and used to infect MDA-MB-231 cells. Ring cloned colonies were isolated and cultured with puromycin (300 ng/mL) -containing medium.
The Hsp90α shRNA construct was provided by Dr. S-C. Teng (National Taiwan University; ref. 17) . The pSUPER (Oligoengine, Seattle, WA)-based expression plasmid was cotransfected with a pcDNA3 vector (Invitrogen, Inc., Carlsbad, CA), and selection was done using G418 conditions as described above. The vector control consisted of the pSUPER empty vector with a neo selection marker. Isolation of individual clones was done as described above. Measurement of Hsp90 protein levels was done by Western blotting. Only one clone, sh11, exhibited reduction of Hsp90 levels of >30 G418 clones isolated.
The human hemagglutinin-tagged K-Ras V12 construct was expressed in the pCGN plasmid and selected with hygromycin (150 µg/mL; ref. 18 ). Isolation of individual clones was done as above. To confirm the expression of the hemagglutinin tag antibody, an anti-hemagglutinin antibody was used (MMS-101R; 1:5,000 dilution; Covance, Princeton, NJ). A pool of clones confirmed to be overexpressing hemagglutinin-tagged K-Ras V12 was compared with a vector clone pCGN-V1 expressing the empty vector.
Purification of ritonavir
Ritonavir was purchased and purified from commercially available pharmaceutical liquid using high-performance liquid chromatography (19) . Purified crystalline ritonavir was also purchased (Moravek, Inc., Brea, CA or Sequoia Research Products, Pangbourne, United Kingdom).
Radioimmunoprecipitation assay buffer lysates and immunoblot methods
Radioimmunoprecipitation assay buffer (RIPA) lysates were made by standard methodology using protease and phosphatase inhibitors (19, 20) . Immunoblots were probed and quantified by chemiluminescence (Amersham Biosciences/GE Healthcare, Piscataway, NJ) as described previously (19) . Equality of protein loading for SDS-PAGE was determined by micro-BCA assay (Bio-Rad Laboratories, Hercules, CA) and uniformity of transfer between lanes was confirmed by Ponceau staining. Experiments were done in triplicate and assayed for protein levels. Normalization to total protein was validated by measurement of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or β-actin levels by chemiluminescence antibody detection, which were not affected by ritonavir exposure.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide cell proliferation assay
Cell proliferation was measured in 96-well plates by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay that measures reduction of MTT in 96-well plates (21) . The cells were exposed to 5 to 60 µmol/L ritonavir or DMSO vehicle for 48 hours and proliferation was then quantified by MTT assay. Each assay was done with eight measurements for each data point. Experiments were repeated thrice for confirmation.
Measurement of clonogenic efficiency
Clonogenic efficiency of breast cancer lines was measured by exposing cell monolayers to varying concentrations of ritonavir (10-100 µmol/L) or vehicle for 24 hours, with cell density being 20% of confluence at the beginning of treatment. At the end of 24 hours of exposure to ritonavir or vehicle, monolayers were treated with trypsin to make cell suspensions followed by neutralization of the medium and replating of the cells in complete medium (containing 10% FCS), in the absence of drug, at 500 cells per 100-mm plate. The medium was changed every 3 days for 21 days. At the end of the 21-day incubation, colonies were fixed, stained with crystal violet, and counted. The fraction of control colonies was measured for each drug concentration, in triplicate, and the coefficient of variation was, on average, ~10%.
Estrogen responsiveness of the T47D and MCF7 lines
Estrogen responsiveness of the T47D and MCF7 lines was confirmed by measuring the proliferation of these lines in response to a range of 10 to 1,000 pmol/L estradiol in phenol red -free medium supplemented with charcoal-stripped FCS. A total of 4,000 cells were plated per well in 24-well plates, and cells were starved for estrogen for 2 days before stimulation with estradiol. The cells were then incubated for an additional 48 hours in the presence of estradiol, and a MTT assay was done.
Cell cycle analysis
To study the effects of ritonavir on cell cycle progression in the breast cancer lines, cells from dishes that were 30% to 50% confluent were treated with trypsin, washed, and resuspended in complete medium. After plating at 5 × 10 5 in a 100-mm plate, the cells were grown for 48 hours in complete medium in the presence of the ritonavir or vehicle (DMSO). Adherent and nonadherent cells were included in the profile. Profiling of propidium iodide (PI) incorporation was done by FACScan analysis (Becton Dickinson). Cell cycle distribution was determined using ModFit software (Becton Dickinson). Hoechst dye/pyronin sorting of G 0 , G 1 , and S + G 2 -M populations was done as published (22) . For each population, 250 cells were plated in a 100-mm dish. The medium was changed every 3 days for 21 days, and the number of recovered colonies was counted. For each population, the number of colonies of ritonavirexposed cells recovered at 21 days was normalized to the number of colonies recovered from DMSO-exposed control cells. The MDA-MB-231 line exhibited the clearest separation of G 0 , G 1 , and S + G 2 -M populations with the Hoechst dye/pyronin method and was therefore was chosen for analysis.
Measurement of apoptosis
Apoptotic cells were detected using an Annexin V-FITC/PI apoptosis detection kit (Oncogene, Boston, MA). After plating at 5 × 10 5 in a 100-mm plate, the cells were grown for 48 hours in complete medium in presence of the ritonavir or vehicle (DMSO). The culture and drug exposure conditions for the apoptosis assays were done across a range of 5 to 60 µmol/L ritonavir. Cells were harvested by trypsin treatment, washed with complete medium to neutralize the trypsin, and stained with PI and Annexin V-FITC. A total of 1 × 10 4 events were analyzed per assay by FACScan analysis using CellQuest software (Becton Dickinson). Replicate assays were done to confirm the results.
Measurement of serum ritonavir levels
Serum ritonavir C max levels were measured 1 hour following i.p. ritonavir administration. Serum samples were processed by a liquid-liquid extraction technique. The assay was done as published, with minor modifications (23). The lower limit of quantitation was 50 ng/mL. The relative error for accuracy for ritonavir measurement at 0.4, 2.0, and 8.0 µg/mL was <12%. The coefficient of variation for ritonavir measurements was ≤9%.
Ritonavir treatment of MDA-MB-231 mammary fat pad xenografts
Xenograft studies were done following approval by the Institutional Animal Care and Use Committee at Indiana University Purdue University at Indianapolis (study protocol 2549). The mice were female nude mice (nu −/− ) 6 to 8 weeks old (Harlan, Indianapolis, IN). For xenograft studies, 1 × 10 6 log-phase MDA-MB-231 tumor cells were injected into the right mammary fat pad using an established method (24, 25) . Tumor volume was calculated by the well-known formula: volume (mm 3 ) = (length) (width) 2 / 2. An interval of 3 weeks was required for the average tumor size to reach 20 mm 3 , at which point the mice were randomized to receive either vehicle (50 µL Tween 80; n = 14) or ritonavir (40 mg/kg in 50 µL Tween 80; n = 13) by i.p. injection for 52 days. On day 52, the remaining mice were sacrificed 1 hour following ritonavir treatment. Tumors were removed and bisected, with half placed in formalin and half frozen in liquid nitrogen, within 5 minutes of animal sacrifice. Modeling of tumor growth was based on the assumption that tumors exhibit an exponential (Gompertzian) growth rate, where i is the subject identifier and t j is the jth sampling time point, with tumor
, where baseline is the first measurement of tumor size. This model was used to determine the P for the difference in tumor growth between experimental and control arms.
Immunohistochemistry for Akt activity
The rabbit primary antibody used to detect Akt kinase activity was 9611 known to recognize phosphorylation of Akt/AGC kinase substrates, including glycogen synthase kinase-3α and -3β (26) . Although some AGC kinase substrates may not be direct Akt kinase substrates, many are downstream of the PDK1/Akt pathway (27) . A streptavidin-biotin development system (Universal Developer LSAB2; DAKO, Glostrup, Denmark) was used to develop the slides. Hematoxylin counterstain was followed by dehydration and mounting. Peptide competition to confirm specificity of antibody staining was done using the phosphopeptide used to raise antibody 9611 and resulted in complete inhibition of immunohisto-chemical staining in tumors of vehicle-or ritonavir-treated mice at the manufacturer′s suggested dilutions. A secondary antibody staining control without primary antibody was also done and exhibited no staining. To score tumor staining with the Akt kinase phosphosubstrate assay, >80 cells (82-134 cells) were counted per ×40 field and scored as plasma membrane/cytoplasmic or nuclear predominant staining. The fraction of total epithelial cells that exhibited membrane/ cytoplasmic staining was determined for each specimen.
Biomolecular interaction analysis of Hsp90 with ritonavir
Interaction of Hsp90 and ritonavir was monitored using a surface plasmon resonance biosensor instrument, Biacore 3000 (Biacore, Inc., Uppsala, Sweden). Hsp90 was covalently linked to the CM5 sensor chip surface via an amine coupling reaction followed by blocking of the reactive group, which resulted in a bound protein signal of 4,000 resonance units. To avoid precipitation of ritonavir, DMSO was added to 1% final concentration, similar to prior studies of the interaction of ritonavir and the HIV protease and serum proteins (28, 29) . The Biaevaluation software version 3.2 was used to measure k on and k off using a simple Langmuir 1:1 global fitting model. Binding study experiments were evaluated for data quality by curve fitting, and data sets exhibiting a χ 2 fit value of <3.0 were analyzed. Binding experiments were done in triplicate for ritonavir and 17-allylamino-17-demethoxygeldanamycin (17-AAG).
Assay of Hsp90 chaperone activity
Hsp90 chaperone activity was assayed by measuring luciferase activity following refolding of heat-denatured enzyme. Firefly luciferase (0.26 µmol/L) was thermally inactivated for 5 minutes at 50°C in denaturation buffer [30 mmol/L MOPS-KOH (pH 7.2), 2 mmol/L DTT] containing either Hsp90 (11 µmol/L) or bovine serum albumin (21 µmol/L). Thermally inactivated luciferase was diluted 10-fold into refolding buffer [10 mmol/L MOPS-KOH (pH 7.2), 50 mmol/L KCL, 3 mmol/L Mg(HOAc) 2 mmol/L DTT] containing 50% rabbit reticulocyte lysate, 3 mmol/L ATP, and an ATP-regenerating system. The reaction mixture was incubated for 30 minutes at 30°C. The luciferase activity was measured using Promega (Madison, WI) Bright Glo luciferase luminescence detection system containing luciferin, added following the 30-minute incubation. For each condition, the Hsp90 or bovine serum albumin control was preincubated with ritonavir or vehicle at room temperature for 30 minutes before luciferase denaturation. Assays were done with a SpectraMax Gemini XS 96-well microtiter plate luminometer.
Immunoprecipitation studies
Levels of Hsp90 and substrate proteins Akt and mutant p53 were not affected at 24 hours of ritonavir exposure, although they were diminished at 48 hours. The 24-hour time point of ritonavir exposure therefore offers a condition under which association of Hsp90 and Akt or p53 may be measured by immunoprecipitation. A total of 500 µg protein was used per immunoprecipitation condition. The extract was precleared by addition of protein A+G agarose (sc-2003; Santa Cruz Biotechnology). The extract was subsequently incubated with the antiAkt antibody, anti-p53 (DO1), or control nonimmune rabbit or mouse IgG. Protein A+G agarose was added, and incubation continued on a rotator overnight at 4°C. The beads were washed, pelleted by low-speed microcentrifugation, resuspended in SDS-PAGE buffer, and subjected to SDS-PAGE and subsequent Western blot transfer. Ponceau staining of the blot confirmed equal recovery of IgG. All immunoprecipitation experiments were done in triplicate with independently grown cell extracts. Blots were not probed for Akt or mutant p53 because these proteins migrate at the same position as immunoglobulin heavy chain. A TrueBlot (eBioscience, San Diego, CA) protocol using antibodies that preferentially detect the native disulfide form of mouse or rabbit IgG did not allow clear detection of Akt or mutant p53 perhaps related to overloading of the gel by the precipitating immunoglobulin at the 50-kDa migration position of heavy chain.
Results
Ritonavir inhibits proliferation and cloning efficiency of breast cancer lines
The sensitivity of human breast cancer lines to ritonavir is unknown. To determine whether ritonavir inhibits the proliferation of the T47D, MCF7, MDA-MB-231, and MDA-MB-436 breast cancer lines, cells were grown in presence of varying concentrations of ritonavir or vehicle for 48 hours and cell number was monitored by MTT assay. Rito-navir exhibits an IC 50 for proliferation of the T47D, MCF7, MDA-MB-436, and MDA-MB-231 lines of 12, 24, 40, and 45 µmol/L, respectively (Fig. 1A) . The nontransformed ER-positive human breast epithelial line MCF10A exhibits an IC 50 of 35 µmol/L. The ER-positive lines tested, T47D and MCF7, exhibit greater sensitivity to ritonavir than the ER-positive MCF10A line.
The ritonavir IC 50 s for cloning efficiency were determined for 24 hours of ritonavir exposure to determine whether short-term ritonavir treatment decreases cloning efficiency. The cloning efficiency following ritonavir exposure was determined for each line by replating cells in the absence of ritonavir and comparing colony counts obtained with cells exposed to vehicle only. The cloning efficiency IC 50 s for the T47D and MCF7 lines are 40 and 60 µmol/L ritonavir, respectively. The MDA-MB-436 and MDA-MB-231 lines exhibit cloning efficiency IC 50 s of 80 µmol/L ritonavir. A similar order of sensitivity to ritonavir was therefore observed for cloning efficiency and proliferation: T47D > MCF7 > MDA-MB-436 and MDA-MB-231. In control studies, there was no measurable effect of ritonavir exposure on adhesion of cells to plastic (data not shown). These studies indicate that 24-hour ritonavir exposure reduces cloning efficiency of breast cancer cells.
Ritonavir exposure decreases ER-α levels in estrogen-responsive lines
Because the ER-positive lines exhibit greater sensitivity to ritonavir than ER-negative lines and exhibit estradiol-dependent proliferation, it was hypothesized that ER-α levels may be reduced by ritonavir. ER-α levels were therefore assayed and estradiol responsiveness was confirmed for the lines. ER-α levels were decreased by 40% for the MCF7 line (P = 0.008) and by 50% for the T47D line (P = 0.002) following 48 hours of exposure to ritonavir (45 µmol/L; Fig. 1B) . The MCF7 and T47D lines used in these studies were confirmed to exhibit estradiol-dependent proliferation. Following 2 days of estrogen deprivation, the MCF7 line responded to an estradiol increase from 10 to 1,000 pmol/L, exhibiting a 1.5-fold increase in growth rate by MTT assay (P < 0.05). Following estrogen deprivation, the T47D line responded to a 0 to 1,000 pmol/L increase of estradiol, exhibiting a 2-fold increase in growth rate (P < 0.05). The MDA-MB-436 and MDA-MB-231 lines were confirmed by Western blot not to express ER-α and did not exhibit estradiol responsiveness over the same concentration range of estradiol. Because the ER-positive lines used in these studies proliferate in response to estradiol and ER-α is significantly depleted by ritonavir, these results suggest that some of the greater sensitivity of ER-positive lines may be related in part to ritonavir-mediated ER-α depletion.
Ritonavir induces Rb-associated G 1 cell cycle arrest
To determine whether ritonavir inhibits cell cycle progression of breast cancer lines, cells were grown to 50% confluence and cell cycle distribution was compared by PI flow cytometry at 48 hours of ritonavir exposure (30 and 45 µmol/L; Fig. 2A ; Table 1 ). At a ritonavir concentration of 45 µmol/L, the Rb +/+ lines exhibit an increase in the G 0 -G 1 fraction of 30% of total cells for the ER-positive lines and 15% for MDA-MB-231, whereas the Rb −/− line MDA-MB-436 exhibits a 5% increase ( Fig. 2A ; Table 1 ). At a concentration of 30 µmol/L ritonavir, the MDA-MB-436 line fails to exhibit an increase in the G 0 -G 1 fraction, whereas the Rb +/+ lines exhibit increases of 5% to 20% ( Table 1) To determine whether ritonavir-mediated cell cycle inhibition of the Rb +/+ breast cancer line MDA-MB-231 occurs at the G 1 checkpoint, a Hoechst dye/pyronin method of live staining, flow cytometry, and cell sorting was used (22) . This method allows separation of G 0 , G 1 , and S + G 2 -M cell populations and assay of each population for viability by cloning. Cells were treated with ritonavir (proliferation IC 50 , 45 µmol/L) or DMSO vehicle for 24 hours, subjected to flow cytometry and sorting, and then plated and assayed for cloning efficiency in the presence of vehicle only. Hoechst dye/pyronin flow cytometry studies showed a cell cycle block at the G 1 checkpoint, exhibiting an increase of the G 1 population from 33% to 49%, whereas the S + G 2 -M population fell from 16% to 11% (Fig. 2B, top) . These changes in the G 1 and S + G 2 -M populations are consistent with a G 1 block. Ritonavir therefore inhibits proliferation of Rb +/+ breast cancer lines in part by inhibition at the G 1 checkpoint. Although the concentration of ritonavir used for this flow cytometry experiment is well below the IC 50 for inhibition of clonogenic efficiency of 80 µmol/L, the clonogenic efficiency of sorted cell cycle subpopulations from this experiment was measured to determine whether there is a ritonavir-sensitive subpopulation of cells that is segregated in the cell cycle. After sorting, cells were plated for clonogenic assay in absence of ritonavir, and at 21 days, there was no reduction in the number of G 0 or G 1 ritonavir-treated cells compared with corresponding vehicle-treated control cells, but the S + G 2 -M population exposed to ritonavir was reduced in clonogenic efficiency by 38% relative to control (Fig. 2B, bottom ; P = 0.00016). This finding suggests that the cell cycle block at the G 1 checkpoint is not sufficient to induce cell death, but rather cell death is detected primarily in cells that have progressed past the G 1 checkpoint. Of interest, the transient exposure to ritonavir increased the clonogenic efficiency of the G 0 and G 1 populations, where cytotoxicity of ritonavir could be counterbalanced by induction of multidrug resistance (30) , for which ritonavir is a substrate (31) . Nonetheless, sustained exposure of the sorted cells to ritonavir (45 µmol/L) for 21 days resulted in no viable colonies from the G 0 , G 1 , or S + G 2 -M populations, indicating that under conditions of long-term exposure the 45 µmol/L ritonavir concentration is highly effective in killing plated cells and preventing any colony formation.
Ritonavir down-regulates CDK2, CDK4, CDK6, and cyclin D 1 and inhibits pRb
Because ritonavir causes a G 1 block of Rb +/+ breast cancer cells, whether ritonavir affects proteins known to regulate the G 1 checkpoint was determined. The Rb +/+ MDA-MB-231 and the T47D lines were chosen for further study of cell cycle regulatory proteins. Both lines exhibit reduction of CDK2, CDK4, CDK6, cyclin D 1 , and pRb following 24 hours of treatment at the ritonavir IC 50 , which was 45 µmol/L for the MDA-MB-231 line and 15 µmol/L for T47D ( Fig.  2C ; Table 2 ). Cyclin E, known to require CDK2 phosphorylation on Ser 384 for its degradation, is not affected by ritonavir (32) . pRb was reduced by 70% for both lines, consistent with the effects of ritonavir on cell cycle progression at the G 1 checkpoint in Rb +/+ lines. These results suggest that ritonavir inhibits the G 1 checkpoint in Rb +/+ lines in part by reduction of pRb. Because CDKs and cyclin D 1 are substrates of Hsp90 and because Hsp90 inhibitors are known to reduce the levels of these specific substrates, the hypothesis that ritonavir may affect Hsp90 function was considered.
Ritonavir induces apoptosis of breast cancer lines
To determine whether ritonavir induces apoptosis, breast cancer lines were exposed to ritonavir (45 µmol/L) for 48 hours, fixed, and assayed for apoptosis by PI/Annexin V flow cytometry (Fig. 3A-D Table 3 ). The lower fold increase of apoptosis of the ER-positive lines was related to a higher basal level of early apoptosis (3-5%), but the percentage of early apoptotic cells induced by ritonavir (8-19%) was similar for all lines ( Fig. 3A-D ; Table 3 ). At 60 µmol/L ritonavir, the fraction of early apoptotic cells reaches 15% to 20% for the ER-positive and MDA-MB-436 lines, whereas the MDA-MB-231 line, in contrast, exhibits a much larger increase of early apoptotic cells (60%), which can also be observed by PI profiling, in which this line also exhibits the largest increase in subdiploid fraction and largest decrease in the G 2 -M fraction (data not shown). This finding suggests that the MDA-MB-231 G 2 -M cells undergo ritonavirinduced cell death and is consistent with the 38% reduction of clonogenic efficiency of MDA-MB-231 cells that have progressed past the G 1 checkpoint (Fig. 2B) . Although all of the lines exhibit ritonavir-induced apoptosis, apoptosis was not dependent on Rb-related cell cycle arrest, because the Rb −/− MDA-MB-436 line exhibits significant apoptosis under conditions where the cell cycle block is minimal (45 µmol/L). This finding suggests that ritonavir-induced apoptosis is independent of a G 1 block, further supported by a lack of reduction in cloning efficiency of G 1 cells exposed to ritonavir (Fig. 2B) .
Ritonavir inhibits Ser 473 pAkt and expression of constitutively active Akt reduces ritonavir sensitivity of breast cancer lines
Because Akt activity inhibits apoptosis in breast cancer lines and mammary epithelium (33) (34) (35) , it was asked whether ritonavir-induced apoptosis correlates with diminished Ser 473 phosphorylation of Akt, which is known to correlate with Akt activity. When treated with ritonavir, the T47D, MCF7, MDA-MB-436, and MDA-MB-231 lines exhibit a 40% to 50% reduction of pAkt ( Fig. 4A; Table 4 ). It was asked whether ritonavir-mediated decrease of pAkt is related to decreased total Akt, decreased fractional Akt phosphorylation, or both. Total Akt is unchanged by ritonavir in the T47D and MDA-MB-231 lines, whereas pAkt is decreased 40% to 50%. In contrast, total and pAkt are down-regulated by 40% to 45% in the MCF7 and MDA-MB-436 lines (Fig. 4A) . Two patterns of ritonavir-associated pAkt reduction were therefore observed in breast cancer lines, reduction of Akt phosphorylation or protein level ( Fig. 4A; Table 4 ). In contrast to pAkt, phosphorylated extracellular signal-regulated kinase was not consistently diminished by ritonavir across the lines studied. 11 To determine whether ritonavir-mediated inhibition of pAkt is important for breast cancer cell growth, it was asked whether activated Akt can specifically overcome ritonavir inhibition of proliferation in lines where pAkt or Akt levels are reduced. Constitutively active myristoylAkt was stably expressed in the MDA-MB-231 and MCF7 lines, which exhibit ritonavirmediated down-regulation of pAkt and Akt level, respectively. Overexpression of constitutively active Akt in MDA-MB-231 cells results in a 30 µmol/L increase of the ritonavir IC 50 of both lines stably overexpressing Akt compared with the vector control lines (P < 0.05; Fig. 4B ). Stable overexpression of myristoyl-Akt in MCF7 cells (16) also results in a similar increase in ritonavir resistance relative to a vector control line (P < 0.05; data not shown). To determine whether myristoyl-Akt-induced resistance to ritonavir is specific, it was asked whether activation of cell growth pathways other than PI3K/Akt, such as K-Ras/Raf-1, may also promote ritonavir resistance. K-Ras V12 is a strong inducer of Raf-1 signaling in COS cells but is less a less effective activator of PI3K/Akt (36) . The MDA-MB-231 clones stably expressing K-Ras V12, in contrast to myristoyl-Akt, exhibit very little change in the shape of the ritonavir dose-response curve and do not exhibit a significant increase in ritonavir IC 50 ( Fig. 4C) . K-Ras V12 overexpression was confirmed by Western blot for the hemagglutinin tag (data not shown). These results suggest that block of the Akt signaling pathway, in contrast to the K-Ras pathway, is of specific importance to breast cancer inhibition by ritonavir.
Ritonavir blocks the growth of MDA-MB-231 mammary fat pad xenografts in part through inhibition of intratumoral Akt kinase activity
Proliferation of the MDA-MB-231 line is dependent on PI3K/Akt pathways (15) , whereas the extracellular signal-regulated kinase inhibitor U0126 exhibits little or no inhibition of this line (37) , suggesting that the MDA-MB-231 line is a candidate to study for ritonavir-associated Akt inhibition in a xenograft model. To test the effectiveness of ritonavir treatment on MDA-MB-231 xenografts, nude mice were implanted with 1 × 10 6 tumor cells and the tumors were established for 3 weeks before treatment with ritonavir. Treatment was initiated when the mean tumor size was 20 mm 3 and animals were distributed to vehicle (n = 14) and ritonavir (n = 13) groups, such that there was an equal total volume of tumors per group. The growth rate of tumors in the vehicle-treated animals exceeded the growth rate of the ritonavir-treated animals by exponential curve fitting based on a Gompertzian model (P = 0.001; Fig. 5A ). Daily ritonavir at tumor inhibitory doses (40 mg/kg/d) or vehicle were well tolerated, as evidenced by stable animal weights that were indistinguishable between the arms of the study (Fig. 5B) . The ritonavir-treated animals exhibited a tumor growth delay after day 10, and tumor growth remained delayed for the remainder of the experiment, which ended on day 52. The range of ritonavir C max serum levels, measured 1 hour following i.p. dosing at 40 mg/kg/d, was 22 ± 8 µmol/L (mean ± SE; n = 9 evaluable mice) at the termination of the experiment on day 52 as determined by high-performance liquid chromatography assay. These results indicate that ritonavir was effective at tumor inhibition at dosing that is well tolerated and correlates with a C max serum concentration within the range attained in patients (38) .
To localize Akt kinase activity within xenograft tumors and determine whether intratumoral Akt kinase activity is inhibited by ritonavir, immunohistochemical assay of the tumors was done. Glycogen synthase kinase-3α and -3β and other Akt phosphorylated substrates can be detected by an antibody that recognizes the Akt phosphorylated motif (R/K)X(R/K)XX(T*/ S*), the phosphorylated serine/threonine residues of which are marked with asterisks. A paracortical region exhibited uniform staining for Akt activity in the tumors of vehicle-treated mice (Fig. 5C, peptide competition control, Fig. 5D ), which was greatly diminished in the tumors of ritonavir-treated mice (Fig. 5E, peptide competition control, Fig. 5F ). Two distinct staining patterns of intratumoral Akt activity were observed, plasma membrane/cytoplasmic predominant staining in the tumors of vehicle-treated mice ( Fig. 5C ) and nuclear predominant staining in the tumors of ritonavir-treated mice (Fig. 5E ). The nuclear staining in the ritonavirtreated cells was red/brown, speckled, and distinct from the underlying hematoxylin counterstain of the nuclei (Fig. 5D and F) . The fraction of tumor cells exhibiting membrane/ cytoplasmic staining (membrane/cytoplasmic / [membrane/cytoplasmic + nuclear]) was 0.84 ± 0.080 for the vehicle-treated tumors (n = 8) and 0.20 ± 0.063 for the ritonavir-treated animals (n = 7; mean ± SE; P < 0.0001, Student's t test). Inhibition of membrane/cytoplasmic staining of Akt phosphorylation products in the tumors of ritonavir-treated animals therefore correlated with inhibition of tumor growth. Peptide competition control studies using the phosphopeptide used to raise the antibody detecting Akt phosphorylation products exhibited complete inhibition of staining of the tumors (Fig. 5D and F) . Of note, the hematoxylin counterstain of the tumors revealed that there was a greater frequency of condensed and fragmented nuclei in the tumors of ritonavir-treated mice (Fig. 5D and F) .
Ritonavir binds to Hsp90 with micromolar affinity and partially inhibits chaperone activity
Because CDKs, cyclin D 1 , and Akt are substrates of Hsp90 (39, 40) and ansamycin inhibitors of Hsp90, such as 17-AAG, induce G 1 arrest in cancer cells, it was asked whether ritonavir interacts with Hsp90. To determine whether ritonavir binds directly to Hsp90, purified human Hsp90 was attached to a Biacore CM5 sensor chip surface and interaction of immobilized Hsp90 and ritonavir was monitored using a surface plasmon resonance (Fig. 6A) To determine whether ritonavir inhibits Hsp90 chaperone activity, ritonavir was tested for inhibition of luciferase refolding (Fig. 6C) . The refolding efficiency of ritonavir was 30% in the positive control, which was dependent on the addition of Hsp90 and ATP. The polyketide inhibitor of Hsp90, 17-AAG, also inhibited refolding. Ritonavir at 45 and 100 µmol/L concentration inhibited refolding by 33% and 50%, respectively (P < 0.05), with zero inhibition defined as the Hsp90 plus DMSO vehicle control and 100% inhibition being defined as the Hsp90 plus 17-AAG (100 µmol/L) control. Together, these results indicate that ritonavir binds to Hsp90 with micromolar affinity and partially inhibits Hsp90 chaper-one activity.
Ritonavir inhibits interaction of Hsp90 and substrate proteins, including Akt and mutant p53
Because Hsp90 forms a complex with Akt that is necessary for correct folding of Akt and its phosphorylation (40), we investigated whether ritonavir inhibits interaction between Hsp90 and Akt or other Hsp90 substrate proteins, such as mutant p53. Hsp90, Akt, and mutant p53 levels in the MDA-MB-231 line are not affected by 24 hours of ritonavir exposure, allowing assay of interactions between Hsp90 and these substrates at 24 hours (Fig. 6D) . Equal protein from ritonavir-treated cells and vehicle-treated cells was used as the input for the quantitative immunoprecipitation experiments and equal total protein was recovered as assayed by Ponceau staining of the transferred filters. The blot could not be probed for Akt or p53 because of close migration of the target proteins with the large immunoglobulin heavy chain band, which migrates at 50 kDa. The amount of Hsp90 immunoprecipitated from the extracts of ritonavirtreated cells by an anti-Akt antibody, assayed in Fig. 6D , was reduced by 50% compared with control. The amount of Hsp90 immuno-precipitated from the extracts of ritonavir-treated cells by an anti-p53 antibody recognizing mutant p53 was reduced by 60% compared with control (Fig. 6D) . Immunoprecipitation with nonimmune rabbit and mouse IgG did not pull-down Hsp90, which served as controls for the anti-Akt and anti-p53 antibodies, respectively (Fig.  6D) .
Sustained ritonavir treatment depletes Hsp90 and mutant p53 but not Akt expression in the MDA-MB-231 line
Because Hsp90 inhibitors are expected to deplete Hsp90 substrates, it was therefore asked whether sustained exposure to ritonavir depletes substrates Akt and mutant p53. Unexpectedly, even at 48 hours of ritonavir exposure (45 µmol/L), Akt levels are not affected in the MDA-MB-231 line (Fig. 6E) , consistent with the results at 24 hours (Table 4 ). This finding suggests that displacement of Akt from Hsp90 in the MDA-MB-231 line does not necessarily result in its depletion, although phosphorylation is inhibited. In contrast, the MCF7 and MDA-MB-436 lines exhibit depletion of Akt ( Table 4 ), indicating that depletion of Akt by ritonavir is line specific. Mutant p53 levels are depleted by 25% (P = 0.015) in the MDA-MB-231 line at 48 hours of ritonavir exposure (Fig. 6E) . Unexpectedly, sustained exposure of the MDA-MB-231 line to ritonavir depletes Hsp90 by 50% (P = 0.012) at 48 hours (Fig. 6E) , which could represent an additional mechanism by which ritonavir could promote inhibition of cell proliferation. Stable Akt levels in the face of depletion of Hsp90 and some of its substrates in the MDA-MB-231 line suggest that ritonavir may stabilize some substrates while depleting others.
shRNA reduction of Hsp90 leads to increased sensitivity of the MDA-MB-231 line to ritonavir
To determine whether sustained quantitative reduction of Hsp90 levels inhibits the growth of the MDA-MB-231 line and increases sensitivity to ritonavir, as predicted by the above results, stably transfected clones expressing Hsp90α shRNA were isolated as described previously (17) . Of >30 shRNA-expressing MDA-MB-231 clones isolated and screened for reduction of basal Hsp90α levels, only one clone, sh11, exhibited a reduced Hsp90 level, which is 86% of the V8 vector control level (P = 0.0022). The sh11 line exhibited a 50% reduction in growth rate relative to the V8 control line (Fig. 6F) , showing that even modest reduction of basal Hsp90 levels results in significant inhibition of proliferation.
The sensitivity of proliferation of the MDA-MB-231 line to Hsp90 reduction predicts that the sh11 line expressing Hsp90 shRNA should be more sensitive to ritonavir inhibition than the V8 control line. Exposure of the sh11 line to ritonavir for 48 hours, a time point when Hsp90 levels are reduced by ritonavir, results in a significant shift of the dose-response curve to the left, at ritonavir doses below the IC 50 . This finding indicates that RNA interference of Hsp90 significantly increases sensitivity of the MDA-MB-231 line to low-dose ritonavir (Fig. 6G) . At 10 to 40 µmol/L ritonavir concentrations, there are 7-to 1.3-fold increases in inhibition of the MDA-MB-231 line relative to the V8 vector control. The convergence of the ritonavir inhibition curves for the V8 and sh11 lines as the IC 50 is approached suggests that ritonavir and Hsp90 shRNA are inhibiting a similar target, consistent with the reduction of Hsp90 by both modalities and weaker depletion of Hsp90 by shRNA.
Discussion
Here, ritonavir exhibits single-agent activity against breast cancer lines in vitro and in vitro at clinically attainable concentrations (38) . Ritonavir induces G 1 arrest in Rb +/+ lines but does not result in loss of clonogenic efficiency of G 1 -arrested cells but rather inhibits cells that have progressed beyond the G 1 checkpoint. Ritonavir depletes cell cycle regulatory proteins known to be Hsp90 associated, including cyclin D 1 (42) , CDK2 (43), CDK4 (44, 45) , and CDK6 (46) , providing a mechanism for G 1 arrest that is related to inhibition of Rb phosphorylation. Ritonavir has no effect on cyclin E, which is dependent on CDK2 for its phosphorylation on Ser 384 and its turnover by the Fbw7 pathway (32) . Ritonavir also depletes pAkt, which has been implicated in bypass of cytokine-mediated G 1 arrest in breast cancer (47, 48) . Ritonavir induces cell death in all breast cancer lines studied regardless of Rb status and independent of cell cycle arrest. Therefore, the inhibition of proliferation by ritonavir is related in part to G 1 arrest, which does not cause cell death, and in part to death of cells that have passed the G 1 checkpoint. Overexpression of constitutively active Akt promotes resistance to ritonavir inhibition of proliferation and may do so in part by overcoming a G 1 block and in part by inhibiting apoptosis. Whether the rescue effect of Akt is related to cell cycle modulation or resistance to apoptosis will be addressed in future studies. In contrast, activated K-Ras, which activates Raf-1 more than Akt in cultured cells (36) , does not overcome ritonavir inhibition of the MDA-MB-231 line, suggesting that ritonavir-mediated inhibition of proliferation is related to inhibition of the PI3K/Akt pathway in contrast to the Raf-1 pathway.
Ritonavir inhibits the MDA-MB-231 xenograft at serum drug concentrations that are clinically attainable (38) , suggesting that ritonavir may be translated to early-stage clinical trials for recurrent or metastatic breast cancer. The activity of ritonavir against the MDA-MB-231 xenograft at concentrations below the IC 50 could be related to depletion of Hsp90. Sustained ritonavir exposure of MDA-MB-231 cells with daily dosing of ritonavir may deplete Hsp90 and increase sensitivity to ritonavir at concentrations of 10 to 30 µmol/L as observed for Hsp90 reduction by shRNA. Consistent with the observed inhibition of Akt phosphorylation by ritonavir in the MDA-MB-231 line, the known dependence of this line on Akt phosphorylation for survival (10, 11, 49, 50) , and the specific role of myristoyl-Akt in promoting resistance of this line to ritonavir inhibition of proliferation, ritonavir inhibited Akt activity intratumorally. Depletion of membrane/cytoplasmic Akt activity is consistent with current models of Akt activation at the plasma membrane by PI3K pathways (51) (52) (53) . Based on the observed inhibition of intratumoral Akt activity by ritonavir, it is possible that immunohistochemical monitoring of intratumoral Akt activity could serve as a pharmacodynamic marker for anticancer activity of ritonavir.
ER-positive lines T47D and MCF7 exhibit the greatest sensitivity to ritonavir. Ritonavir depletes ER-α in ER-positive, estrogen-dependent breast cancer lines, correlating with increased sensitivity of these lines to ritonavir. The ER-positive breast cancer lines are more sensitive to ritonavir than a nontransformed ER-positive breast epithelial line, showing selective inhibition. The inhibition of ER-α is of biological importance, because ritonavir inhibits ER element-driven transcription. 12 Whether Hsp90 inhibition by ritonavir results in reduced ER-α levels will be addressed in future studies. ER also induces multidrug resistance expression more efficiently in the MCF7 line than in T47D, which could explain the higher sensitivity of the T47D line to ritonavir, a multidrug resistance substrate (54) .
Ritonavir binds to Hsp90 with micromolar affinity (K D = 7.8 µmol/L) and partially inhibits its chaperone function. Although the affinity of 17-AAG for Hsp90 is 10-fold higher than ritonavir in these studies, serum ritonavir concentrations attained clinically are in excess of its measured K D (38) . Ritonavir-mediated inhibition of Hsp90 is likely to be important qualitatively through inhibition of chaperone activity and quantitatively by reducing Hsp90 levels. Both effects are likely to be important for its inhibition proliferation of the MDA-MB-231 line, because this line is sensitive to modest reductions of Hsp90. The ability of RNA interference to increase the sensitivity of breast cancer cells to ritonavir at low ritonavir concentrations suggests that RNA interference or antisense strategies that target Hsp90 could be potentially clinically useful in conjunction with ritonavir.
As a novel Hsp90-binding drug, ritonavir exhibits certain striking similarities to geldanamycin and other Hsp90 inhibitors, such as radicicol. On one hand, depletion of Hsp90 substrates, including ER, CDK2, CDK4, CDK6, and cyclin D 1 , is characteristic of this class of drugs; on the other hand, depletion of Akt is cell line dependent. In the MDA-MB-231 line, although complexes of Akt and Hsp90 are disrupted by ritonavir, there is no loss of Akt with time. Because caspase-3, a known Akt protease, is active under these conditions, 11 the observed stability Akt in the MDA-MB-231 line may be due to lack of direction of this substrate to the ubiquitin/proteasome system, which is also known to proteolyze Akt (40) . Interestingly, the stable Akt in ritonavir-treated MDA-MB-231 cells is dephosphorylated and therefore likely to be inactive. Because Akt is known to exist in a complex with Hsp90 and these complexes are known to exhibit antiapoptotic activity through phosphorylation and inactivation of the proapoptotic kinase ASK1 (55), it is possible that the disruption of Akt/Hsp90 complexes and dephosphorylation of Akt are more important for ritonavir-induced apoptosis than depletion of Akt. Another apparent difference between ritonavir and geldanamycin and radicicol (56) is that ritonavir significantly depletes Hsp90 levels with sustained exposure. Depletion of Hsp90 by ritonavir may increase the susceptibility of breast cancer cells to cell death by removing a buffer for deleterious mutations that may accumulate in cancer cells (57) . This hypothesis may also explain the apparent sensitivity of the MDA-MB-231 line to even modest reduction of Hsp90 levels and could also provide a further explanation for the broad sensitivity of breast cancer lines to ritonavir.
Tumor regrowth between chemotherapy treatment cycles has been proposed to be a fundamental problem that limits the control of recurrent/metastatic cancer, predicted by the Norton-Simon hypothesis (58) (59) (60) . For this reason, nonmyelosuppressive drugs, such as ritonavir, which may be given daily over months to years and could potentially arrest tumor regrowth, are much needed. The studies presented here indicate that ritonavir may be such a candidate drug, pointing to its potential translation to clinical trials. Akt activity measurement by immunohistochemistry may be a useful biomarker to aid in the clinical development of ritonavir. Combination of ritonavir with RNA interference or antisense approaches that downregulate Hsp90 may increase the sensitivity of breast cancer cells to low doses of ritonavir and may be of value for clinical development. and S+ G 2 -M regions. The plating experiments were done in triplicate, with 250 cells plated per condition, and the cells were grown for 21days in the absence of ritonavir, with medium changed every 3 days. On day 21, the plates were stained with crystal violet and colonies were counted. V, vehicle; R, ritonavir treatment of the cells before plating. Bars, SD. Differences were significant between paired V and R cell populations for each region of the cell cycle (P < 0.05). C, ritonavir depletes CDK, cyclin D 1 , and pRb levels but not cyclin E in breast cancer lines. RIPA cell lysates were made from T47D or MDA-MB-231 lines treated for 24 hours with vehicle (−) or ritonavir (+) at the IC 50 for proliferation (MDA-MB-231 = 45 µmol/L; T47D = 15 µmol/L). Lysate preparation and Western blot analysis were done as described in Materials and Methods. Quantitation of the Western blots is presented in Table 2 . Protein measurements for each lane were normalized to the lane's GAPDH control. Table 3 . Ritonavir-induced inhibition of pAkt. A, ritonavir-treated breast cancer lines exhibit reduction of pAkt. RIPA cell lysates were made from T47D, MCF7, MDA-MB-436, and MDA-MB-231 lines treated for 24 hours with vehicle (−) or ritonavir (+) at the IC 50 for proliferation. Western blot analysis was done as described in Materials and Methods and normalized to a β-actin control. Quantitation is presented in Table 4 . B, stable overexpression of constitutively activated myristoyl-Akt increases the ritonavir IC 50 Ritonavir inhibits a murine breast cancer xenograft and down-regulates intratumoral Akt activity. A, tumor growth curve for ritonavir-treated (•) or vehicle-treated (■) mice bearing MDA-MB-231 tumors. The difference between the curves exhibited statistical significance. Bars, SE (P < 0.001 by Student's unpaired t test comparison of Gompertzian curve fits). B, weights were stable during treatment and similar for the ritonavir-treated (•) and vehicletreated (■) mice. Points, mean animal weights Bars, SE. Method: A mammary fat pad model was used to test the response of xenograft tumors to ritonavir. A total of 1 × 10 6 cells were injected in a surgically exposed right mammary fat pad under general anesthesia. Tumors were grown for 21 days before initiation of treatment. Mice were treated with 40 mg/kg/d ritonavir Ritonavir binds Hsp90, inhibits chaperone function and substrate association, depletes Hsp90 levels, and is potentiated by Hsp90α shRNA. A, surface plasmon resonance of ritonavir binding to purified HeLa cell Hsp90 attached to a Biacore CM5 sensor chip as described in Materials and Methods. Ritonavir was circulated in the flow cell at concentrations of 1, 4, 6, 8, 10, 12, 20, 25 , and 37.5 µmol/L. Representative of three independent data sets. B, surface plasmon resonance of 17-AAG binding to purified HeLa cell Hsp90 attached to the same Biacore CM5 sensor chip as used in (A).The 17-AAG-positive control was circulated in the flow cell at concentrations of 0.6, 0.8, 3, 4, 5, 10, 20, and 35 µmol/L. Representative of three independent data sets. C, ritonavir inhibits ATP-dependent refolding of heat-treated luciferase. Heat-treated Quantitation of ritonavir-induced apoptosis in breast cancer lines Quantitation of ritonavir-induced inhibition of pAkt in breast cancer lines 
